This article proposes a new efficient raw signal simulator for the bistatic synthetic aperture radar (SAR) based on 2D fast Fourier transform (FFT) to deal with cases of both ideal trajectory and trajectory deviation. It begins with analyzing the geometric configuration and the range history of the bistatic SAR in side-looking and squint modes of ideal trajectory as well as trajectory deviation. Then a detailed and mathematical study is conducted on the equivalence relation of bistatic-to-monostatic applications (BTMA) in the case of ideal trajectory and trajectory deviation. Also a set of formulas are derived for the equivalence relation between bistatic SAR and monostatic SAR on some reasonable assumptions. Therefore, the application of the simulation method based on the 2D FFT for the monostatic SAR can be extended to the case of bistatic SAR. Finally, the simulation results prove the validity of this method. By comparing the efficiency of the proposed method with that of the time domain method, it is shown that the former is a few orders of magnitude higher.
Introduction

1
Bistatic synthetic aperture radar (SAR) uses a separated transmitter and receiver flying on different platforms to achieve benefits like exploitation of additional information contained in the bistatic reflectivity of targets, forward-looking SAR imaging, or increased radar cross section. So it has been drawing sedulous attention from researchers in recent years [1] [2] . One of current studies about bistatic SAR has been focused on the effective and precise imaging algorithm. In order to verify the imaging algorithm, the SAR raw signal reflected from the ground is required. Of course, data of real raw signals are an ideal source, but, as is well-known, acquisition of them is costly and laborious. Therefore, this article is devoted to develop a simulation method to provide a convenient and efficient approach to generate raw signal data for the SAR systems [2] [3] [4] . The traditional raw signal simulation approach is of the time-domain type [2] [3] [4] , which is precise but consume enormous time. To overcome this disadvantage, G. Franceschetti presented a fast and effective 2-D Fourier domain SAR raw signal simulator [5] [6] [7] [8] [9] . It can be applied to both ideal trajectory and non-ideal trajectory cases. Thanks to the high efficiency of fast Fourier transform (FFT) algorithm, it is able to generate the raw signal for the extended scene in a few minutes. However, this simulator is only applicable to the case of monostatic SAR. This article tries to extend it to the case of bistatic SAR. It should be pointed out that this article has only reference to parallel flight mode without concern to non-parallel flight and fixed transmitter modes.
Geometry Configuration of Bistatic SAR
The geometry of the bistatic SAR concerned in this article can be divided into four types: side-looking mode and squint mode with ideal trajectory on one side, and side-looking mode and squint mode with trajectory deviation on the other. Fig.1 shows the geometry configuration of bistatic SAR in parallel flight for side-looking and strip mode [10] . The receiver and transmitter are supposed to have been completely synchronized.
Geometry configuration for side-looking mode
In Fig.1 , P is a point scatter in the radar beam illuminated region, (x 0 , y 0 ) denotes its azimuth and range coordinates, respectively, R T0 and R R0 denote the vertical distance between the point scatter P and the two flight trajectories, respectively, R T and R R are referred to as the distances from P to the platforms at the position x n , v 0 represents the flight velocity of the platforms. Apparently, from the bistatic geometry configuration, the range history between the transmitter and the receiver can be expressed by
Applying the Fresnel approximation formula to Eq.(1), can be obtained
Because both the transmitter platform and the receiver platform operate in strip modes with the antennas points 90 broadside (side-looking), the analysis method for monostatic SAR can be used. The range history for side-looking monostatic SAR can be expressed by
where v denotes the equivalent velocity, r the equivalent range distance, x the equivalent azimuth coordinate. Comparing Eq.(3) with Eq.(2), can be obtained
By solving Eq.(4) and Eq.(5), can be obtained
Consider the conversion relationship of the antenna size. As is known, the azimuth resolution of monostatic SAR, a , can be expressed by 
where = R T0 /R R0 represents the ratio of the transmitter range to the receiver range. Eq. (9) represents the relationship between the equivalent antenna size and the receiver antenna size. From Eqs. (7)- (8), can be obtained the azimuth resolution for bistatic SAR T0 R0 r a0 a R0 T0
This result is coincide with the conclusion in the reference [11] . Eq.(4), Eqs. (6)- (7) and Eq.(10) describe the parameter conversion relationship between the bistatic SAR and monostatic SAR. Now some consideration can be given to them.
First, from Eqs. (6)- (7), can be derived the following expression
It is clear that the equal sign in Eq.(11) is established if and only if R T0 = R R0 . Similarly, it can be obtained the relationship v v 0 and x x 0 from Eq. (6) and Eq.(7).
Furthermore, note that if R T0 = R R0 and the transmitter and the receiver are at the same position, the bistatic SAR turns into the monostatic SAR, in which, squint mode of bistatic SAR [10] . The transmitter and the receiver fly at the same velocity v 0 and along a parallel trajectory. st and sr represent the squint angles of the transmitter beam and the receiver beam, respectively, t and r the beam angles of the transmitter and the receiver, respectively, R fr and R ft denote the long sides of the radar beams, P(x 0 , y 0 , z 0 ) represents the point target in the illuminated zone. It is also supposed that the bistatic SAR system has been fully synchronized.
Geometry configuration for squint mode
(1) Range history In Fig.2 , the range history between the transmitter and the receiver is defined by Eqs. (12)- (13).
where t = st + t /2, r = sr + r /2. By applying the quadratic approximation to the Taylor series expansion to Eqs. (12)- (13), the range history of P(x 0 , y 0 , z 0 ) can be expressed as 
From Fig.2 , can be obtained the following relation:
where x is a constant. For the convenience of derivation, let x = 0. Substituting Eq. (15) 
(2) Equivalent relationship between squint bistatic SAR and squint monostatic SAR As is known, the range history of the squint mode of monostatic SAR can be expressed by [12] 
As is indicated earlier, the azimuth resolution of the equivalent squint monostatic SAR, a , can be expressed by [11] where X denotes the illumination length, the wavelength, the beam angle. Therefore, can be obtained 
This is coincide with the results by Z. Y. Tang [11] . Fig.3 illustrates the SAR system geometry with trajectory deviation, in which the azimuth coordinate x n and the vectors d T and d R are used to describe the actual positions of the platforms. In Fig.3: (1) T and R are referred as to look angles of the transmitter and the receiver, respectively; (2) R T and R R represent the target-to-antenna distances with the nominal trajectory of the transmitter and the receiver, respectively; (3) R T0 + R T0 and R R0 + R R0 represent the range distances with the trajectory deviation of the transmitter and the receiver, respectively.
Geometry configuration for side-looking mode with trajectory deviation
From Fig.3 , can be obtained the range history as follows
where the R T0 and R R0 terms can be calculated through the Carnot Theorem, which are expressed by Eqs.(31)-(32) (see Fig.4 ):
where d T = |d T | and d R = |d R |. Eqs. (31)- (32) hold true when the displacement is small compared with the slant range, as it is always the case. In fact, R T0 and R R0 denote the displacement projections onto the target line of sight. In monostatic SAR with the trajectory deviation, the range history can be expressed as follows [8] [9] 
The remaining relationships are the same as Eq. (4), Eqs.(6)- (7) . Now let us consider Eq.(34), it can be rewritten as the following terms:
From Fig.4 , can be acquired 
then can be achieved the expression of ( ) x as shown below:
Consequently, the displacement conversion relationships could be obtained between bistatic SAR and monostatic SAR through Eqs.(36)-(38).
Geometry configuration for squint mode with trajectory deviation
Now consider the geometric configuration of the squint mode with trajectory deviation (see Fig.5 ). The range history in the case of the squint bistatic can be obtained from Fig.5 
2D Fourier Domain SAR Raw Signal Simulator for Monostatic Mode
Side-looking mode
Fig .6 shows the geometry configuration of monostatic side-looking SAR [5, 13] . Fig.6 Geometry of monostatic SAR.
According to Ref. [5] , the SAR raw signal can be expressed by the following equation: 
Simulation
In this section, some simulations will be carried out to verify the effectiveness of proposed simulator. Fig.8 shows the flow chart of the raw signal simulator and Table1 and Table 2 list the simulation parameters. 
Simulation with ideal trajectory
The simulation with ideal trajectory is carried out in the following order:
(1) Determine the bistatic SAR parameters and the reflectivity coefficient.
(2) Convert the related parameters into equivalent monostatic SAR parameters with the help of Eq. (4), Eq.(6), Eq. (7), Eq. (9), Eq.(18), Eqs. (21)- (23) and Eq.(28).
(3) Generate the raw signal for the equivalent monostatic SAR.
(4) Compare the phase of raw signal with that with the time domain method to verify the effectiveness of the proposed simulator.
(5) Use the range Doppler imaging algorithm to obtain SAR images [14] .
For example, consider a situation, in which a single point is placed on a completely absorbing background. In this case, the SAR raw signal can be computed directly with the time domain method. Accordingly, it is possible to compare the raw signal simulated with the proposed method to the actual signal. Figs.9-10 respectively show the azimuth and range cuts of the phase error in the case of bistatic side-looking mode. So do Figs.11-12 in the case of bistatic squint mode. From them, it can be observed that most of the phase errors are limited within an acceptable range of about 0.05 rad [9] except for those at the very edges where they might reach about 0.25 rad (i.e. 14 ). Furthermore, phase errors are mainly due to the use of the stationary phase theorem [9] . In order to offer an intuitive perception, the corresponding simulated SAR images will be presented below. Note that the input reflectivity coefficient is just a bit-map image, for convenience (see . 
where N a is the azimuth dimension (pixels) and N r the range dimension (pixels). It is obvious that the 2D FFT method is faster in computation than the time domain method and is especially suitable for the simulation of extended scene.
Simulation with trajectory deviation
In the case of trajectory deviation(see Fig.15 ), the same SAR system parameters as those in the above sections are adopted to perform the simulation to verify the proposed method. The corresponding parameters are converted into equivalent ones for monostatic SAR with Eq.(34), Eq.(4), Eqs. (6)- (7) Next, the same procedure will be followed with the ideal trajectory to perform the simulation to validate the new proposed method. The raw signal simulation for one single point scatter is firstly considered. Similarly, attention is paid to the phase errors between the proposed method and the time-domain method. Simulation results in the case of side-looking mode with trajectory deviation after compensation for motion and focus depth [15] . Compared with Eq.(63), it proves much more timeconsuming, but still more efficient than Eq.(61).
Conclusions
This article has presented a raw signal simulator for bistatic SAR in side-looking and squint modes with ideal trajectory as well as with trajectory deviation. The geometry of bistatic SAR has been analysed for both ideal trajectory and trajectory deviation. It is found that the bistatic SAR can be made to be equivalent to the monostatic SAR. Subsequently, a set of equations has been derived to convert the parameters of the bistatic SAR into those of the monostatic SAR. As a result, the 2D Fourier domain SAR raw signal simulator for the monostatic SAR both with ideal trajectory and trajectory deviation can be extended into the bistatic SAR. Finally, some relevant simulation results are presented, which show minor phase errors between 2D FFT method and time domain method in most cases. Also, the efficiency of the simulator has been evaluated by comparing the calculated results of this simulator to those of the time-domain method. The results prove that the raw signal simulator proposed by this article is applicable and effective.
It should be noted that this simulator do not fit in with the non-parallel flight and the fixed transmitter modes. To extend application of this simulator to the two modes is worthy of devotion.
